Abstract-The fabrication of metal parts is the backbone of the modern manufacturing industry. Laser forming is the combination of five common technologies: lasers, rapid prototyping (RP), computer-aided design (CAD), computeraided manufacturing (CAM), and powder metallurgy. The resulting process creates part by focusing an industrial laser beam on the surface of processing workpiece to create a molten pool of metal. A small stream of powdered alloy is then injected into the molten pool to build up the part gradually. By moving the laser beam back and forth and tracing out a pattern determined by a CAD, the solid metal part is fabricated line by line, one layer at a time. In the present work, a type of direct laser deposition process, called Laser Metal Deposition Shaping (LMDS), has been employed and developed to fabricate metal parts. Through the comprehensive experiments, it is found that this process is affected by many factors. Besides the processing parameters, scanning pattern is the one that strongly influences the quality and precision of as-fabricated parts. In comparison with the forming effects of different scanning patterns, the most suitable one can be selected to carry out this laser forming process. Finally, with the suitable scanning patterns, the high performance of the formed alloys is confirmed after the above studies.
INTRODUCTION
Laser forming or laser assisted direct metal deposition refers to the additive layered manufacturing technology for building components from a computer-aided design (CAD) model. In the process of laser direct deposition, a motion control program, developed from the CAD model of a desired metal component, is used to control the motion of a laser focal spot to trace all areas of the component on a substrate, typically a planar layer at a time. Metal powder, sprayed from powder delivery nozzle and injected into the laser focal zone, is heated to its melting temperature and melted completely. Then the liquid metal solidifies onto the prior deposited layers in the wake of the moving molten pool created by the laser beam, thus forming a layer of metal whose dimension is controlled by laser processing parameters [1] [2] [3] . Simultaneously, the substrate is moved in the horizontal plane beneath the laser beam to deposit a thin cross-section, thereby creating the desired geometry for each layer. After deposition of each layer, the powder delivery nozzle and focusing lens assembly is incremented in the upward vertical direction. As a result, successive layers are then stacked to produce the entire component volume of fused metal representing the desired CAD model, thus building a three-dimensional component by joining of adjacent deposited layers. The technology combines rapid prototyping (RP) with laser cladding technique, thereby offering the designer a rapid prototyping capability at the push of a button.
Parts made by laser direct deposition need no intermediate procedure and equipment, therefore saving more time and expense than those by other manufacturing techniques, including Selective Laser Sintering (SLS). It is expected that much less porosity will occur in the bulk and an ideal density can be obtained [4] [5] [6] [7] . The advantage of laser-aided rapid solidification will be taken to give rise to the finer grains and less macro segregation in the microstructure of the as-deposited parts, so the mechanical properties of the parts might be even higher than those of which are made by conventional methods. Single step processing by direct laser fabrication produces cost savings realized by elimination of conventional multi-step thermomechanical processing [4] [5] [6] [7] . Design features such as internal cavities or over-hanging features can be made without joined assemblies.
Hard-to-machine materials such as intermetallics, refractory metals, and superalloys can be processed in a single step [8, 9] . Functionally graded compositions can be created within three-dimensional components to vary the properties to match localized requirements due to the service environment [7, 10, 11] .
Presently, a state-of-the-art automated laser forming apparatus is successfully established at Shenyang Institute of Automation Chinese Academy of Sciences, thereby giving birth to the Laser Metal Deposition Shaping (LMDS) technology. The LMDS apparatus consists of five primary components: energy supply system, motion control system, powder delivery system, computer control system, and monitoring feedback control system. These components have their specified functions, but work in association with each other.
During LMDS process, the metal part is built by moving a laser focal spot to melt the coaxially fed powder and scan all areas of the part on a substrate, typically line by line, layer by layer. As a result, the arrangement of scanning pattern, or deposition path pattern, plays an important role in improving the precision and performance of the part, increasing production efficiency, and facilitating the realization of program. Accordingly, more detailed information on how different path patterns affect the asformed parts is presented in this paper.
II. EXPERIMENTAL PATTERN AND PROCEDURE

A. Types of Scanning Patterns
During LMDS process, the metal part is built by moving a laser focal spot to melt the coaxially fed powder and scan all areas of the part on a substrate, typically line by line, layer by layer. As a result, the arrangement of scanning pattern, or deposition path pattern, plays an important role in improving the precision and performance of the part, increasing production efficiency, and facilitating the realization of program.
Geometrically, the scanning patterns can be classified into two types ( Fig. 1 ) [12] :
(a) Zigzag paths -The path segments correspond to back and forth motions in a parallel direction within the boundary of the 2-D cross-section.
(b) Spiral paths -It comprises of a series of contours that are parallel to the boundary of the 2-D cross-section. It is possible to derive a variety of deposition path patterns from these two paths. Zigzag path is also named raster pattern, as well as spiral path is equally called contour or offset pattern. In addition, spiral pattern can be categorized as two types: outside-in spiral (scanned from the edge towards the center of the deposition area in the shape of contouring spiral) and inside-out spiral (scanned from the center to the edge of the deposition area in the shape of contouring spiral) as shown in Fig. 2 . In the zigzag or raster pattern, the workpiece (in this case) or the tip of the nozzle is moved back and forth parallel to referenced directions. In the contour or offset pattern, offset segments of the boundaries are generated and used as guides for the workpiece, namely the worktable, to move along. 
B. Experimental Procedure
Subsequently, the scanning pattern experiments were carried out with the selected processing parameters (laser power 1000W, scanning velocity 5mm/s, powder feeding rate 10g/min, spot diameter 2mm, scanning space 1.3mm). At first, a CAD model of rotary table illustrated in Fig. 3 was discretized to generate a STL file; then the discrete solid model was sliced to a series of laminas by utilizing slicing software to read the STL file; next, scanning paths of each layer were generated by means of zigzag and spiral pattern respectively; afterward, the layered geometric information was output in the form of CLI file, and the scanning paths, created by two different scanning patterns, of a certain layer are depicted in Fig. 4 ; at last, based on the CLI data file obtained through each scanning pattern, the relative experiments were performed, and then the experimental results were analyzed. 
III. RESULTS AND ANALYSIS
The experimental results of planar scanning paths executed by zigzag and spiral patterns are exhibited in Fig. 5 . As can be seen from it, the continuity of spiral scanning path is much better than that of zigzag one, so during LMDS process, the on-off times of light gate and skip times of spiral path are both less than those of zigzag one. However, the mutual permeability between the contiguous cladding passes of spiral scanning path is evidently inferior to that of zigzag one. As shown in Fig. 5 , the concave region between the contiguous cladding passes of zigzag pattern is shallower in comparison with that of spiral one. The mutual permeability between the contiguous cladding passes is affected not only by scanning space but also by laser energy. On condition that all the processing parameters keep constant, since scanning path directly influences the heat history and heat dissipation, the scanning pattern will play an important role in bonding the adjacent scanning beams and improving the mutual permeability. In the case of spiral scanning pattern as shown in Fig. 5(b) , when laser beam returns to the initial position after scanning a circuit of spiral contour line, the temperature of just deposited scanning contour line has dropped greatly, so when the next spiral contour line is deposited, the mutual permeability between the adjacent scanning contour lines falls down. However, under the circumstances of zigzag scanning pattern as demonstrated in Fig. 5(a) , the parallel scanning lines moving in a zigzag manner are continuously deposited, so it takes the laser beam a short time to perform the next row of parallel scan after the last row of scanning beam is formed. In other words, the laser beam returns to the place near the just deposited position quickly. Since there is large quantities of heat remained in the deposited scanning beams, the mutual permeability between the adjacent parallel scanning beams is comparatively enhanced due to the higher temperature. During the process of spiral pattern, there always exist some transition positions which can not ensure the uniform scanning space, especially on condition that there are many irregular internal cavities, which is the inherent defect of spiral scanning pattern. It can be seen from both layered geometric scanning path described in Fig. 4(b) and experimental results demonstrated in Fig. 5(b) that a circuit of concave region is much wider and deeper than any other concave regions, which indicates that the actual scanning space near the internal cavities is rather bigger than the setting scanning space determined at the time of generating the layered scanning paths. By contrast, the zigzag scanning pattern can guarantee the stable scanning space in that the scanning paths are composed of a series of parallel scanning beams.
If a certain cross section of CAD model has the same scanning area and space, the total length of scanning paths with different scanning patterns is nearly equal, so the total scanning time with different scanning patterns is almost identical at the same scanning speed. However, in terms of different scanning patterns, there are considerable differences in both skip times and skip path length. But if skip speed is rather faster, the total time of fabricating a layer of part with spiral and zigzag patterns is almost identical. The comparison of some measured values respectively gained by finishing a single layer scan with the spiral and zigzag patterns is listed in Table I [13] . It is obvious that the total scanning path length and total scanning time with the two patterns are nearly uniform, whereas the skip path length of zigzag pattern is approximately twice longer than that of spiral one. In addition, the on-off times of light gate of zigzag pattern is over twice as many as that of spiral one.
In general, spiral offset paths are typically preferred for producing isotropic deposits. By tracing the spiral offset paths, residual stress could be relieved before tracing the next adjacent edges as opposed to the zigzag paths. Therefore, stress-induced warping is reduced. By contrast, zigzag paths hold distinct advantages in the case of fabricating anisotropic deposits, especially the deposits with quite a few internal cavities. The reason for this is that in the process of zigzag paths, scanning paths are performed orderly in accordance with the zoned layer, thus avoiding the internal cavities and reducing the total skip path length. In addition, the arrangement of zigzag paths is comparatively easier in terms of software procedure.
However, zigzag pattern is prone to accumulate the defects and errors as the parallel scanning beams of each cross section of solid model are deposited in the same direction. In order to solve this problem, a kind of optimized steering zigzag pattern is proposed. It means after a layer of cross section is scanned, scanning paths of the next adjacent layer are rotated ninety degrees, and then metal powder is deposited in accordance with the steered zigzag paths.
IV. CONCLUSION
Summarily, each scanning pattern has its own advantages, so a combination of spiral pattern and zigzag pattern is, thus, selected for the LMDS system processor to construct the deposition paths. For example, the first layer of solid model is deposited by zigzag pattern; then, the second is finished by steering zigzag pattern; afterward, the third is built by spiral pattern. According to this procedure, an entire part representing the CAD model is finally fabricated by repeating the combination of three patterns orderly. This combined method, as shown in Fig. 6 , can draw the strong points of various scanning patterns to offset their own weakness. Fig. 7(a) describes the near-net shaped metal part which was fabricated in this method. As can be seen from Fig. 7(b) , the reprocessed part is fully dense and free of defects, and can even meet the requirements for commercial applications. 
